Asset prices tend to cluster at round numbers. We examine betting exchange data on U.K. horse races to establish whether limited cognition is partially responsible for this clustering. The key tool in this study is the stark increase in cognitive load faced by traders during races compared to prior to races. Using an approach that is part regression discontinuity and part difference-in-difference, we find that traders exhibit a substantially higher propensity to quote round numbers during races. This result is robust to a series of placebo tests, and also to the use of bounds to deal with missing data.
Introduction
There is long-standing evidence that stock prices cluster at round numbers (Niederhoffer (1965 (Niederhoffer ( , 1966 , Harris (1991) , Ahn et al. (2005) , Sonnemans (2006) , Ikenberry and Weston (2007) , Bhattacharya et al. (2012) , and Kuo et al. (2012) ). It is unlikely that the fundamental values of stocks cluster at round numbers, and therefore -at least recently, as models of bounded rationality (Simon (1955) ) have become more popular in financial economics -price clustering has been attributed to limited cognition on the part of traders. The story is that attention-constrained traders latch onto cognitive reference points -such as round numbers -when they do not have the mental capacity to make finer price distinctions.
Yet, if limited cognition is indeed causing price clustering, we should observe greater (lower) levels of clustering when traders are more (less) cognitively constrained. In this paper, we use a U.K. betting exchange as a unique laboratory to test this hypothesis, and therefore more firmly establish the role of limited cognition in the clustering of asset prices.
We examine Betfair betting exchange trading on the two major horse race meetings in the U.K.: Royal Ascot and the Cheltenham Festival. We compare the propensity for bettors to quote odds at a range of round numbers with their propensity to quote odds at the nearest non-round number. The round numbers and their nearest neighbour reflect almost identical 1
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win probabilities: the only difference is that one price is arguably a cognitive reference point, and therefore more likely to be quoted by the cognitively constrained bettor, and one is not. Importantly, we compare these propensities prior to races, when there is little new information arriving, with the same propensities during races, when important information arrives in rapid succession. Pricing bets on a range of horses as they vie for position during a race, is, compared to pre-race pricing, a significant cognitive task.
We find that bettors are substantially more likely to quote a round number during races compared to prior to races. This result is perhaps most vividly captured by Figure 1 . This figure contains a simple bar chart of quoted odds (including the stake) at Royal Ascot in 2011, both pre-race (in the top panel) and during races (in the bottom panel). While there is some evidence that certain round numbers are quoted more frequently than other odds prior to races, all round numbers are substantially more likely to be quoted once races get under way. This suggests that the cognitively constrained trader, forced to process the rapid unfolding of each race, latches on to round numbers as a heuristic method for pricing assets.
The logic of the empirical approach in this paper can be thought of as part regression discontinuity (RD) design, and part difference-in-difference (DID). The decision to quote a round number, or not, can be thought of as the 'running' or 'assignment' variable in an RD. In common with RD analysis, we assume that horses quoted at a round number, or just below, have almost identical characteristics (in this case, win probabilities). Therefore, in the absence of cognitive constraints, the bettor should be equally likely to quote a round number as its nearest neighbour. We are then interested in the extent to which the assignment decision (i.e. quoting a round number) is determined by the treatment. In our setting the treatment is the running of each race and the increase in cognitive load faced by bettors at this time. As with DID analysis, we compare the propensity to quote a round number relative to its nearest neighbour prior to races (pre-treatment), with the same propensity during races (during the treatment). We observe that the propensity to quote a round number -compared to its nearest neighbour -substantially increases as the cognitive load increases.
To ensure the robustness of our results, we conduct a series of placebo tests. One possible criticism with the analysis described thus far is that we have chosen the odds immediately below the round number as the nearest neighbour (so as to avoid undercutting). Therefore, 2
if the running of each race causes the odds on the majority of horses to drift out, our results may subtly pick up this effect and assign it to cognitive constraints. In the placebo tests, therefore, we re-designate the nearest neighbour as the 'placebo' round number, and designate the odds just below the placebo point as the new nearest neighbour. If the greater propensity to quote a round number was simply capturing the drifting of odds during races, a similar effect should be observed in the placebo tests. In fact, no such effect is observed in the placebo tests, supporting the view that cognitive constraints were indeed driving the increased use of round numbers during races.
One other concern is over missing data in our samples. Missing data arises when there are no quotes on a horse to win, and is a particular problem during races. For example, there are no quotes in 3.6% of time periods in one of the markets during races at Royal Ascot in 2011. To deal with this 'attrition', we construct lower and upper bounds for the 'in-running' effect (during races). For the lower bound, we assume that all missing values in-running would have otherwise been a nearest neighbour. For the upper bound, we assume that all missing values in-running would have otherwise been a round number. In our earlier analysis we had implicitly assumed that missing values were equally likely to have been round numbers or nearest neighbours. These bounds therefore indicate how robust the results are to such an assumption. In fact, we find that even at the lower bound the in-running effect is substantial and highly significant. The analysis of bounds therefore confirms the effect of limited cognition on asset price clustering.
The analysis that we have described suggests that round numbers are used as heuristic methods for pricing assets when traders are cognitively constrained. There is still the possibility, however, that these round numbers are instead used to take advantage of the cognitive limitations of other bettors. For example, perhaps a trader quotes odds of 2, rather than 1.99, as they expect other traders to exhibit a 'left-digit bias'. This left-digit bias (observed in other economic settings to be discussed in the next section) means that cognitively constrained traders do not process all of the digits in a number, instead focusing only on the left-most digit. Therefore, odds of 2 would seem disproportionately larger than odds of 1.99, and therefore would be more likely to attract an order. Perhaps bettors quote round numbers during races so as to take advantage of this bias. There is indeed some evidence of a left-digit 3 Limited Cognition and Clustered Asset Prices bias prior to races. A quote at a round number is slightly more likely to receive an order than a quote just below the round number. However, there is no evidence that this effect increases during races. We therefore conclude that the clustering of asset prices at round numbers is due to the cognitive limitations of the traders providing the quote, rather than an attempt to take advantage of the limitations of any trader that may order at that quote.
The setting for this study is chosen primarily for reasons of internal validity. To be specific, the separation of activity into pre-race and in-running trading creates stark variation in the cognitive load facing traders. Such variation is more difficult to identify in many core financial markets. That being said, results obtained on the betting exchange can still carry significant external validity. Betfair is the world's largest betting exchange, with 11.8 million GBP traded on a single race (The Grand National) in 2012 (Betfair Annual Report 2012).
Secondly, the market structure is a limit order book, of the type observed on the majority of financial exchanges. Finally, the exchange has been in operation since the year 2000 and therefore the majority of subjects (particularly those providing quotes) should be experienced.
As asset price clustering is a form of mispricing, this work is related to a growing literature on the effect of limited cognition on asset mispricing. This literature includes, among others, DellaVigna and Pollet (2009) and Hirshleifer et al. (2009) . These studies present evidence to suggest that mispricing (i.e. the post-earnings announcement drift) is more pronounced when traders are otherwise distracted, either because the weekend is imminent, or because there are a large number of announcements on the same day.
In using betting exchange data -and the concentration of information arrival during sporting events -we use a similar approach to that in Brown (2014) . In that paper, Wimbledon tennis betting data was used to establish the role that information processing constraints play in asset mispricing. Mispricing between two equivalent assets increases substantially as information arrives during each tennis match. Part of the reason for this increase is that information is not synchronously incorporated into the two prices, thereby suggesting that information processing constraints are binding. In this paper, we are interested in the effect of limited cognition on mispricing between one asset and its fundamental value, rather than relative mispricing between two equivalent assets. 'Absolute' mispricing, considered in this paper, can be measured by the extent to which asset prices cluster at round numbers.
The rest of the paper is ordered as follows. In Section 2 we provide some psychological foundations for the analysis and survey the relevant economic literature. In Section 3 we describe the data, and in Section 4 we present the analysis. Section 5 concludes.
Psychological Foundations
In this paper we test whether an increase in the cognitive load facing traders -stimulated by the arrival of information during each race -increases the probability that traders quote round numbers. The designation of round numbers as 'cognitive reference points', likely to be latched on to by traders when they are cognitively constrained, is motivated by the work of Rosch (1975) .
Rosch conducted a series of experiments, one of which showed that non-round numbers are evaluated in the context of their relation to round numbers. The experimental method was to give subjects a statement with blanks, such as _ is essentially _. Subjects would then be given two numbers to fill the blanks, one a round number such as 1000, and the other a non-round number such as 996. If 1000 was seen as the cognitive reference point, we should observe more subjects returning the statement '996 is essentially 1000' than the opposite statement. This was indeed the result that was found. To ensure the robustness of the results, Rosch also asked the same question with two non-round numbers and found that the two numbers were equally likely to be placed in either space.
The designation of round numbers as cognitive reference points is not restricted to the laboratory. Pope and Simonsohn (2011) find that baseball season batting averages cluster just above 0.300, suggesting extra effort is exerted to push or keep the average above this level. Similarly, Pope and Simonsohn also find that students are more likely to request to resit their SATs if their initial score fell just below a round number, rather than just above.
In other words, round numbers appear to be more salient than other numbers across a range of environments.
Later in this study we will attempt to establish whether round numbers are used by cognitively constrained traders as a heuristic method for pricing assets, or are used to take advantage of the cognitive limitations of their potential trading counterparty. For example,
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Limited Cognition and Clustered Asset Prices those ordering at quotes already in the limit order book may exhibit what is termed, at least in the economics literature if not the psychology literature, the 'left-digit bias'. The identification of this bias is based on the work of Hinrichs et al. (1981) and Poltrock and Schwartz (1984) who found that subjects evaluate numbers sequentially, focusing on the left digit first. A cognitively constrained subject, therefore, may not get round to evaluating the second and third digits. The implication for our setting is that there may be a jump in the probability that a bettor places an order at odds of 2, compared to 1.99, but no such jump in the probability of an order at odds of 2.02 compared to 2. It is possible that traders quote a higher proportion of round numbers during races as this is when their potential counterparty is under greater cognitive strain, and therefore more likely to exhibit such a left-digit bias.
We will test this hypothesis in the latter part of Section 4.
There is in fact quite prominent evidence consistent with a left-digit bias in other economic settings. For example, one explanation for the prevalence of 99 cents (pence) pricing is that consumers concentrate on the left digit, so, for example, a $1.99 product is regarded as disproportionately cheaper than a $2 product (Ginzberg (1936) ). More recently, Lacetera et al. (2012) and Busse et al. (2013) identified a left-digit bias in the used car market.
They observed large discontinuities in the prices of cars depending on the number of miles on the clock. For example, there were large drops in the price of a car once it hit 10,000 miles. Lacetera et al. (2012) also conducted a placebo test using Canadian data -where distance travelled is calculated in kilometres -and found a similar discontinuity at the 10,000 kilometre mark. Car owners, in the U.S. at least, appear to respond to this bias by bringing a sizeable number of cars with just less than 10,000 miles on the clock to the market.
Data
The data in this study is taken from Betfair, a betting exchange based in the U.K.. The exchange allows bettors to take long (back) or short (lay) positions on a horse to win. Alternatively, bettors can take a long or short position on a horse to place (a horse places if they do not win but finish in a high-ranking position). As with other limit order markets, bettors can submit limit orders which sit in the book until an offsetting market order arrives, or 6 Limited Cognition and Clustered Asset Prices submit a market order that executes immediately with an existing limit order. These options reflect a widening of choice for bettors. Prior to the inception of these types of exchanges, bettors could only take long positions on a horse to win or place, and could only execute at prices quoted by a bookmaker. Now each individual bettor can submit quotes themselves.
Prices on the exchange are quoted in the form of odds. Odds of 5 in the place market, for example, would return 5 GBP for every 1 GBP staked if the horse in question 'placed'.
If the horse did not place, the trader that quoted that limit order would pocket the amount staked by their counterparty.
The data are sourced from Fracsoft, a third-party vendor of Betfair limit order book data.
We have chosen to study two prominent horse race meetings across two years. We examine the premier flat racing meeting in the U.K., Royal Ascot, which takes place in June each year, and also the premier jump racing event, the Cheltenham Festival, which takes place in March each year. Royal Ascot lasts for 5 days, with 6 races per day, while the Cheltenham Festival lasts for 4 days, with 7 races per day.
1 At least 374 horses take part in each of these meetings.
For this study, we examine the odds available on a horse to win and also the odds on a horse to place. These odds are displayed in separate markets. For the most part we will examine quotes for 'back' bets in each market, as this is typically the more liquid side of a market and also where the majority of bets are executed. For every horse, the best-priced quotes are sampled every second for 20 minutes prior to each race (the pre-running phase), and every second for the full duration of each race (the in-running phase). As there is a 30-40 minute gap between the start times of each race, pre-race bettors are not distracted by the running of a previous race.
In Figure Figure 1 . To be specific, while there is some evidence of clustering at round numbers prior to races, there is clear evidence of clustering at round numbers when races go 'in-running'. This suggests traders use round numbers as a heuristic method to price assets when under severe time constraints during races. In the next section, we will define the full classification of round numbers in this study, and then proceed to the formal tests.
Analysis
Betfair allow for quotes from 1.01 (i.e. 1 penny returned for each pound staked), to 1000
(999 pounds returned for each pound staked). We classify the round numbers in this study as 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 30, 40, and 50 . This includes the majority of horses that are in contention, but not so certain to win or place that pricing their bets becomes a simple exercise. The round numbers reflect implied probabilities from 0.5 (odds of 2), to 0.02 (odds of 50). We pick fewer round numbers from 10 onwards as the pricing grid becomes significantly more coarse at this point.
We then classify the price immediately below each of these round numbers as the nearest neighbours. These odds are 1. 99, 2.98, 3.95, 4.9, 5.9, 6.8, 7.8, 8.8, 9.8, 14.5, 19.5, 29, 38, and 48. We pick the odds just below the round number as a control price because quotes just above the round number could become prevalent because of undercutting. To be specific, a cognitive constrained trader may quote a round number -because of its role as a cognitive reference point -but be immediately undercut by another (perhaps algorithmic) trader simply using the initial quote as a reference point and improving upon it. In Figures 1-4 there is visible tapering of the frequency of quotes to the right of a round number, particularly during races, which suggests that systematic undercutting does take place.
In Table 1 we provide summary statistics on the four race meetings. We examine the percentage of seconds where there is at least one quote, and the percentage of seconds where there is a round number quote, or a nearest neighbour quote. These percentages are compared for back and lay bets, and for pre-race and in-running phases. (For the nearest neighbours of lay bets, we consider the odds immediately above the round number, as undercutting on First, it is apparent that liquidity declines, particularly on the lay side, during races. For example, we only have lay quotes 54.96% of the time for the win market at Royal Ascot in 2011 during races. This motivates the predominant use of back bets in this study. Second, across both markets, and across all events, the pre-race proportion of round numbers and nearest neighbours is approximately 10%. Once we move in-running, however, there are marked differences between the two markets. While the proportion of round numbers and nearest neighbours declines slightly in the win market, there are substantial increases in round numbers in the place market. Our explanation of this is as follows. The round numbers and nearest neighbours can be found in the central mass of the implied probability distribution.
Therefore, once a race begins, the probability that a horse wins drifts towards the tailseither as victory becomes likely, or defeat inevitable -thereby leaving fewer observations at round numbers or nearest neighbours. This does not occur in the place market, where a greater proportion of horses remain in contention for much of the race. These summary statistics illustrate why it is sensible to compare the frequency of round numbers, not with all other quotes, but only with their nearest neighbours.
The analysis that follows therefore excludes all quotes except the round numbers and their nearest neighbours. This means discarding a great deal of data. For example, the Royal Ascot 2011 place market data includes 720,880 observations in total, which is reduced to 114,967 when we consider only round numbers and their nearest neighbours. By focusing on this small set of numbers, we are only picking quotes which reflect almost identical win or place probabilities. For example, odds of 4 in the win market imply a win probability of 0.25, while the nearest neighbour odds of 3.98 reflect an implied win probability of 0.251. Therefore, we assume that 'nature' is almost equally likely to draw a horse with a win probability of 0.25 as one with a probability of 0.251. The key difference is that one of the odds is a round number -and therefore, we hypothesise, more likely to be latched onto by the cognitively constrained bettor -and one is not. To ensure that limited cognition is indeed behind the use of round numbers, we then require variation in the cognitive load facing traders. The required variation is created by the running of each race, and the resultant need to process 9
Limited Cognition and Clustered Asset Prices rapidly arriving information -and price bets -in a short space of time. The coefficient associated with the intercept term suggests that there is a small baseline prevalence for quoting round numbers. The treatment effect, however, captured by the inrunning indicator, is of greater importance. We find that as races go in-running there is a large and significant increase in the propensity to quote a round number, for place markets, and a smaller increase for win markets (all significant at the 0.1% level). This is the case across all four horse race meetings. The coefficients imply an odds ratio of between 1.29 (Royal Ascot 2012, win market) and 5.25 (Cheltenham 2012, place market) of observing a round number quote in-running relative to prior to races. This treatment effect suggests that the clustering of quotes at round numbers is indeed a manifestation of limited cognition.
One concern at this stage is that, due to the prevalence of undercutting, we have exclusively chosen nearest neighbours which are priced just below the round number. Therefore, we may be confounding the limited cognition effect with subtle drifts in the odds which occur when a race begins. As the majority of horses do not win or place, most will see their odds increase during the in-running period. Therefore a comparison of the frequency of, for example, odds of 2.98 and 3 could find slightly more 3s when races are under way, as horses which were hitherto priced at 2.98 slowly drift out of contention.
To deal with this problem, we run a series of placebo tests on the 4 race meetings. For these tests, we define the original nearest neighbours -1. 99, 2.98, 3.95, 4.9, 5.9, 6.8, 7.8, 8.8, 9.8, 14.5, 19.5, 29, 38 , and 48 -as the 'placebo' round numbers. We then create new nearest neighbours just one price down. These new nearest neighbours are 1. 98, 2.96, 3.9, 4.8, 5.8, 6.6, 7.6, 8.6, 9.6, 14, 19, 28, 36, and 46 . If our results thus far can be apportioned to a general drift in the odds during races, we should observe a similar effect when we repeat the analysis with these odds.
In Table 3 , we regress a indicator variable equalling 1 if a placebo round number is quoted, on an indicator variable equalling 1 if the race in question was in-running at that stage. Only placebo round numbers, and the odds immediately below them, are included in the regressions. As before, a logit specification is used, and random effects for each horse (bet) are included. Win (place) market data is in top (bottom) panel. Judging by the eight regressions in Table 2 -one for each market in each race meeting -there is no evidence that the in-running effect is due to a subtle drift in the odds in-running. In fact, the coefficients associated with the in-running indicator are negative and significant, albeit quite small. This suggests that the round numbers absorb such a high proportion of their nearest neighbours that these neighbours are slightly less likely to arise than other non-round numbers. These results re-affirm the impression that limited cognition was driving the increase in round number quotes during races observed in Table 2 .
Another approach to deal with any drift in odds during races is to consider quotes on the lay side of the bet. For lay bets, undercutting will work in the opposite direction. A quote of 2, for example, will be undercut to 1.99, rather than 2.02. Therefore, we can classify the numbers immediately above as nearest neighbours -for lay bets -and examine whether the limited cognition effect is observed despite (rather than because of) any drift in the odds during races. In Table 4 , we regress an indicator variable equalling 1 if a lay bet was quoted at a round number, on an indicator variable equalling 1 if the race was in-running at that point. As before, win (place) market data is in the top (bottom) panel, a logit specification is used, and random effects for each horse (bet) are included. The intercept term suggests that lay quotes are more likely to be nearest neighbours than round numbers prior to races.
If you have a back bet at a round number, the lay bet cannot be at the same round number (otherwise the limit orders will execute with each other). Therefore, if a bettor quotes a one-tick spread (as is common prior to races), we are likely to observe many lay bets at nearest neighbours, purely as a result of the observed tendency to quote back bets at round numbers. Once races go in-running however, and spreads widen, this mechanical effect is not present. For all four events, and both markets, the in-running propensity to quote round numbers is observed (with significance at the 0.1% level) despite any natural drift in average Limited Cognition and Clustered Asset Prices odds during races.
We next turn to concerns regards missing data. As races begin, liquidity on the exchange can dry up in certain instances. The result is that there is a non-trivial proportion of time periods when there are no quotes on a particular horse to win or place. These non-trivial proportions can be observed in Table 1 . For back bets, there are up to 5% of observations without any quote at all (for lay bets the proportion is much higher). We have implicitly assumed, in the analysis thus far, that had there been a quote in these time periods, then a round number is equally likely as a nearest neighbour. It is worth examining how robust the results for back bets are to such an assumption.
With this in mind, in Table 5 we calculate upper and lower bounds to the in-running treatment effect described in Table 2 . The upper bound is calculated by assuming that all missing observations during races are in fact round number quotes. (Incidentally, we believe that this is the more plausible of the bounds, as a cognitively constrained trader is either likely to quote a round number (as Table 2 Table 5 . The lower bound is calculated by assuming that all missing observations during races are in fact nearest neighbour non-round number quotes. These results are displayed in the bottom sub-panel of each panel in Table 5 . Judging by the lower bound results, the problem of missing data does not qualitatively affect the results. As we mentioned, we would lean towards believing that the missing data would disproportionately have been round numbers, rather than non-round numbers, but the in-running effect is sizeable enough that such an assumption does not need to be made, at least not with back quotes. (Repeating this analysis for lay bets would be futile as data are missing in up to 46% of time-periods in-running).
The next part of analysis in the paper is an attempt to establish the drivers of increased clustering during races. The interpretation taken throughout the paper is that a cognitively constrained trader uses round numbers as a short-cut pricing method. If more time and mental capacity had been available, a more precise quote may have been provided. An alternative interpretation is that the trader submitting the limit order (i.e. providing the quote) submits a round number to take advantage of the limited processing capabilities of
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other traders during races. In other words, limit order traders believe that market order traders will spy relative value in a quote of 2, compared to 1.99, when races go in-running, because their limited cognition does not allow them to spot the similarities between the two prices. The empirical prediction of such a hypothesis is that the frequency of orders should jump at round numbers, relative to nearest neighbour non-round numbers, and jump specifically during races when traders are cognitively constrained.
In Table 6 we test this alternative hypothesis. We regress an indicator variable equalling 1 if a (back) order was observed in the last second, on an indicator variable equalling 1 if a round number was quoted in the previous second, an indicator variable equalling 1 if the race was in-running, and an interaction between the two aforementioned indicators. The interaction term is crucial as this captures the extent to which market order traders fail to identify the similarities between round number and nearest neighbour quotes, specifically during races.
Only data on round numbers, and the odds immediately below (nearest neighbours) are included in this regression. As before, a logit specification is used and random effects are included for each horse (bet). This regression is carried out for win and place market data for the 4 horse race meetings.
There are three results to be discussed. Firstly, in all 8 cases, quotes at round numbers are slightly more likely to attract an order. This is consistent with a left-digit bias, but if this was the result of interest, a placebo test would need to be carried out to ensure that this is not simply picking up the fact that higher odds attract more frequent orders. The second result is that orders decline as races begin. Finally, and most importantly, there is no evidence that the propensity for orders to arrive for round number quotes increases during races. The coefficient is negative and significant for five of the regressions, and insignificant for the other three. In other words, rather than a tactic to induce orders from constrained counterparties, the round number appears to be used as a heuristic method for pricing bets when finer information processing is not feasible.
Throughout the paper it appears that the effect of the running of each race, on the propensity to quote round numbers, is greater in the place market. There are two prior reasons to predict such a difference. Firstly, the place market is to some extent secondary in importance. Media and television will tend to focus on the odds in the win market, and volume is typically higher in that market. Therefore, if a trader is cognitively constrained during a race, they may choose to concentrate their limited attention on the win market, thereby neglecting the place market. This neglect may manifest itself in the form of a greater proportion of round, and imprecise, quotes. The second, and perhaps more important reason, is that a large proportion of horses remain in contention to place during races. While only a few horses can win a race entering its final stages -and therefore only a few bets still need to be priced -the place positions are typically still within the reach of many horses as a race nears its conclusion. This should heighten the cognitive strain for bettors in the place market.
To test this hypothesis, we pooled the win and place market data for a new (double) difference-in-difference analysis in Table 7 . In this table, we regress an indicator variable equalling 1 if a round number was quoted, on an indicator variable equalling 1 if the race was in-running, an indicator variable equalling 1 if the odds came from the place market, and an interaction between the two aforementioned indicators. The interaction term captures any significant differences in the in-running effect across the win and place markets. As before, only data involving round numbers and their nearest neighbours are included. A logit specification is again used, but this time random effects are clustered at the bet level for each horse-market combination.
The intercept term confirms that there is a baseline prevalence for the quoting of round numbers (as in Table 2 ), and the in-running coefficient confirms that there is an increase in this prevalence during races, as the cognitive load increases (also in Table 2 ). Notably, as the interaction coefficient suggests, the largest effect can be found in the place market. As discussed earlier, there is some reason to believe that this is because a greater proportion of horses remain in contention for places throughout races -needing to be priced -and therefore the cognitive strain is likely to be magnified, during races, for participants in this market.
The final piece of analysis is intended to check the breadth of the in-running effect documented throughout the paper. While the effect is robust across markets, across events, and across time (at least from 2011 to 2012), it would be instructive to examine whether the effect is robust across all of the round numbers we have specified. To this end, we retained the pooled win and place market data, and furthermore pooled the data for Royal Ascot and 14
the Cheltenham Festival in both years. This gives the following tests substantial statistical power. In Table 8 , we repeat the analysis of Table 2 , but this time for each individual round number. For example, when looking at the in-running effect at the round number of 3, only quotes of 3 and 2.98 are included. The results show that the propensity to quote a round number, relative to a nearest neighbour non-round number, increases as races go in-running for all 14 round numbers used (significance at least at the 1% level). Although the size of the effect is not monotonic with the size of the odds, there is some evidence that the greatest propensity to quote round numbers -both pre-race and in-running -is found for lower round numbers, particular those from 2 to 5.
Conclusion
Asset prices tend to cluster at round numbers. This clustering is found not just in stock prices, but also in currency prices (Sopranzetti and Datar (2002) ), bond prices (Gwilym et al. (1998a) ), and option prices (Gwilym et al. (1998b) ). Furthermore, clustering appears to be resistant to changes in market design. Ikenberry and Weston (2007) Missing from this story, however, is any evidence that the level of clustering varies with the cognitive load facing traders. If limited cognition is truly behind price clustering, we should observe particularly pronounced levels of clustering when traders are under intense cognitive strain. Rather than test such an idea in the laboratory -where the experience of subjects may be in some doubt -we use data arising from horse race betting on a U.K.
betting exchange to test this hypothesis. Information in this market is produced in such a way that there is stark variation in the cognitive load facing traders. Prior to races there is little new information to process, and traders can therefore make fine price distinctions.
Once the race begins, however, and horses switch positions frequently, information must be processed -and bets newly priced -in a very short space of time. We hypothesise that round numbers will become more prevalent in this latter period.
To tease out such an effect, we use an empirical approach logically based partly on regression discontinuity (RD) methods, and partly on difference-in-difference (DID) methods.
We compare the propensity for traders to quote round numbers with their propensity to quote the nearest non-round number. These two prices reflect almost identical values and therefore, if traders had unlimited cognition, each price should be equally likely to be quoted (or 'assigned', to use the RD parlance). Unlike RD analysis, we are not interested in the outcome for the assigned and unassigned variables, but instead we are interested in how the assignment decision varies across pre-race (pre-treatment) periods, and in-running (treatment) periods. If traders display a greater propensity to quote round numbers rather than their nearest neighbours during races -when the cognitive strain is greater -this puts limited cognition front-and-centre as an explanation for the clustering of asset prices.
We find a significant and substantial increase in the proportion of round number quotes during races. The in-running effect is most pronounced in the place market, where a large proportion of horses remain in contention throughout races (therefore needing to be priced), and where, as a result, the cognitive load is arguably most demanding. The results are also robust to a series of placebo tests, and, due to the sheer scale of the effect, are robust to the use of bounds to deal with substantial amounts of missing data (at least with the more popular back quotes). In short, the analysis presented in this paper suggests that limited cognition does indeed lead to asset price clustering. A logit specification is used, random effects for each horse (bet) are included (with ρ representing the variation in the dependent variable captured by these random effects), and *** indicates significance at the 0.1% level. Placebo test results connected to the analysis in Table 2 A replication of the results in Table 2 An analysis of the upper bound and lower bound of the 'in-running' effect identified in Table 2 The The plot is restricted to odds (including the stake) of below 11.
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